The peptidoglycan of bacterial cell walls is synthesized in a reaction mechanism in which a membrane-bound lipid serves as a carrier for the sugars and amino acids that eventually become part of the peptidoglycan.' One intermediate in the reaction cycle is represented as lipid-P-P-disaccharide-pentapeptide. This intermediate is common to a number of different bacteria. However, its disaccharidepentapeptide moiety (GlcNAc-MurNAc-L-ala-D-glu-L-lys-D-ala-D-ala)I becomes modified in various ways in different organisms.3 The modified disaccharidepeptide moiety is then transferred to an endogenous acceptor with introduction of a new unit into a growing peptidoglycan.
The peptidoglycan of bacterial cell walls is synthesized in a reaction mechanism in which a membrane-bound lipid serves as a carrier for the sugars and amino acids that eventually become part of the peptidoglycan.' One intermediate in the reaction cycle is represented as lipid-P-P-disaccharide-pentapeptide. This intermediate is common to a number of different bacteria. However, its disaccharidepentapeptide moiety (GlcNAc-MurNAc-L-ala-D-glu-L-lys-D-ala-D-ala)I becomes modified in various ways in different organisms.3 The modified disaccharidepeptide moiety is then transferred to an endogenous acceptor with introduction of a new unit into a growing peptidoglycan.
The purpose of the present paper is to report that lipid-P-P-disaccharide-pentapeptide has been obtained in a highly purified form from Micrococcus lysodeikticus, and that the nature of the lipid moiety of this intermediate has been elucidated.
Soon after the discovery of the occurrence of a lipid intermediate in peptidoglycan synthesis, a lipid carrier in the biosynthesis of the lipopolysaccharide of the cell wall of Salmonella was described.4' I The structure of this substance is reported in a paper by Wright et al-'
Isolation of Lipid-P-P-Disaccharide-Pentapeptide from M. lysodeikticus.-Largescale preparation of the lipid intermediate was carried out using techniques essentially the same as those described previously.7 Particulate enzyme was prepared after lysozyme lysis of cells of M. lysodeikticus8 and incubated with the uridine nucleotide substrates to generate the lipid intermediate. The incubation mixture contained 1000 ml of particulate enzyme prepared in 0.05 M Tris-HCl buffer, pH 7.4, and 0.01 M MgCl2, 1.7 ml of 12 mM UDP-MurNAc-pentapeptide (containing 8.7 X 106 cpm of C14-lysine),9 8 ml of 10 mM UDP-GlcNAc and 30 ml of 5 per cent deoxycholate. Enzyme prepared after lysozyme lysis of cells of M. lysodeikticus is able to synthesize the lipid intermediates, but is unable to utilize these intermediates for peptidoglycan synthesis. Deoxycholate was included in the incubation mixture in order to minimize the addition of endogenous glycine to the lipid intermediate. 8 After incubation at 200 for 30 minutes, the mixture was extracted with 1 liter of nbutanol:6 M pyridinium acetate (2:1), pH 4.2, followed by two extractions with the same volume of n-butanol. The combined extracts were back-washed with 2 liters of water and then taken to dryness and redissolved in 50 ml of chloroform: methanol (1:1). The yield was 3 X 106 cpm (34%, based on UDP-MurNAc-,C4-pentapeptide).
The extract was placed on a column of O-(diethylaminoethyl) cellulose (DEAEcellulose) (2.5 X 25 cm) and eluted as previously described.7 The radioactive eluate obtained with methanol:6 M pyridinium acetate, pH 4.2 (1: 1), was pooled (900 ml). To it was then added 1.8 liters of water and 1.8 liters of butanol. The aqueous phase was extracted with 500 ml of butanol twice. The butanol phases were combined, taken to dryness, and redissolved in 4.5 ml of chloroform: methanol (7:1). The yield was 2.2 X 106 cpm.
This material was then placed on a column of silicic acid (1.5 X 20 cm) and eluted stepwise with mixtures of chloroform: methanol, (a) 7: 1, (b) 5: 1, (c) 3: 1, (d) 1: 1, and (e) methanol. The radioactive lipid was eluted by the last solvent. Fractions containing the radioactivity were pooled and placed again on the same column that was now eluted with a gradient of methanol in chloroform. The radioactive lipid was eluted when the chloroform: methanol mixture was approximately 30:70. It was apparent that the material obtained in this way was not homogeneous, since the specific activity (cpm per phosphate) was lower both in the leading edge of the radioactive peak and in its trailing edge than in the peak tubes.
A new purification step, not employed previously, was therefore sought. The pooled fractions from the silicic acid column were placed on a column of Sephadex LH-20 (1 X 34 cm) and followed by 99 per cent methanol. The radioactive lipid intermediate was obtained from the column together with a peak of organic phosphate at about 12 ml followed by two or three nonradioactive phosphate-containing lipids at 15 and 20 ml. After several runs through the Sephadex LH-20 column, the material appeared to be homogeneous and was then rechromatographed on the silicic acid column described above. It was apparent, however, that the leading edge of the material eluted from the silicic acid column still contained a small amount of an organic phosphate impurity. This leading edge was removed and the material was then rechromatographed again on the silicic acid column. After two more separations in this way, finally, a preparation was obtained which chromatographed on the silicic acid column as a peak of radioactivity in which the specific activity (cpm per phosphate) was constant throughout the peak. The final yield was 1.6 X 106 cpm (4.0 ;Lmoles) or about 18 per cent of the UDP-MurNAc-C14-pentapeptide initially employed as the substrate.
Biological Activity of the Isolated Lipid Intermediate.-The biological activity of the isolated lipid intermediate was examined in two ways. The particulate enzyme of M. lysodeikticus catalyzes an adenosine 5'-triphosphate-dependent (ATPdependent) incorporation of C'4-glycine into lipid-P-P-disaccharide-pentapeptide.8
The glycine residue becomes attached to the a-carboxyl group of glutamic acid in the pentapeptide. (Table 2) . By contrast, the fragment obtained in earlier studies2 contained glycerol, released only one of its two phosphate residues on acid hydrolysis, and released inorganic pyrophosphate only after mild acid hydrolysis followed by periodate oxidation and amine elimination. The most plausible interpretation of these early results is that glycerol diphosphate disaccharide-pentapeptide arose by an intermolecular phosphate transesterification to an impurity in the preparation of the lipid intermediate, similar to the intermolecular phosphate transesterification that has been reported by Brundish, Shaw, and Baddiley." The fragment produced on pH 4 hydrolysis of the purified lipid intermediate obtained in the present study is clearly disaccharide-pentapeptide pyrophosphate.
Identification of the Lipid Moiety by Mass Spectrometry.-The mass spectrum of the lipid identified it conclusively as an undecaprenyl alcohol. 
CH3C=CHCH2(CHC=CHCH2)9CH2C=CHCH2OH
The polyisoprenoid nature was immediately suggested by a regular series of fragment ions (Table 3 ) separated by 68 mass units, representing random cleavage between individual isoprene units in a chain."4 The weak molecular ion at m/e 766, accompanied by a relatively strong ion at m/e 748, equivalent to (M minus 18)+, indicated that the major isoprenoid constituent of the lipid was composed of 11 isoprene units and an alcoholic functional group. There was no evidence in the mass spectrum for a terminal ring structure in the molecule of the type found in ubiquinone, plastoquinone, and vitamin K. The positions of the major fragment ions obtained on cleavage between isoprene units were exactly analogous to those observed in the mass spectrum of solanesol. 15, 16 This observation, along with the finding of M + and (M minus 18) + at m/e 766 and 748, indicated that the lipid contained one double bond for each isoprene unit. In view of the isolation of a similar alcohol, called bactoprenol, from lactobacilli by Thorne and Kodicek, 7 it is particularly noteworthy that no evidence of a saturated isoprene unit was seen in the mass spectrum.
Although the major lipid present is the C55 isoprenoid alcohol, the mass spectral data do not eliminate the possibility that small amounts of lower isoprenologues might be present in the sample. A close comparison of the relative intensities of the major groups of ions (Table 3) with those from solanesol suggest, in fact, that the peaks at m/e 680 and 612 might consist partially of the (Minus 18) + ions derived from C50 and C45 alcohols, respectively. Normally, the peak at (C5H8)n is always somewhat lower than the companion peak at one lower m/e value, whereas the peaks at m/e 680 and 612 were found to be slightly higher than the peaks at m/e 679 and 611. If present, these lower homologues could not account for more than about 5 per cent of the total lipid, however.
Thin-Layer Chromatography of the Lipid Moiety and Bactoprenol.-The lipid moiety obtained after hydrolysis of the lipid intermediate at pH 4 contained two major and one minor component on thin-layer chromatography on silica gel G in heptane: ethyl acetate (90: 10). 17 One of the major components (Rf = 0.25) had a chromatographic mobility identical to a sample of C 14-bactoprenol (kindly provided by Drs. Thorne and Kodicek). The other components (Rf = 0.46 and 1.0) are presumably rearrangement and/or dehydration products which are known to be produced from isoprenoid alcohol pyrophosphates under acidic conditions. The first major component also had a chromatographic mobility identical to bactoprenol on thin-layer chromatography on silica gel G in methanol:benzene (1:99) (Rf = 0.56).
Discussion. 25 These metabolic steps may be intermediate in the biosynthesis of the isoprenoid alcohol under study here. Moreover, Thorne and Kodicek have isolated a C55 isoprenoid alcohol, which they termed bactoprenol, from cells of several lactobacilli. 7 Nuclear magnetic resonance and mass spectra of the material that they obtained indicated the presence of ten unsaturated and one saturated isoprenoid groups in this alcohol. The mass spectrum of the C55 isoprenoid alcohol obtained here from M. lysodeikticus showed no evidence of the presence of a saturated isoprenoid residue in the molecule, and although the isoprenoid alcohol obtained from M. lysodeikticus and from lactobacilli were identi-cal on thin-layer chromatography, a separation of such closely related compounds by this technique would not be expected. Bactoprenol is apparently incorporated into a lipoprotein of the bacterial cell,26 possibly the enzyme complex which catalyzes cell wall synthesis. In keeping with the nomenclature adopted in a related field, it may be desirable to employ the name bactoprenol for the class of C55 isoprenoid alcohols that occur in bacterial cells. The term "bactoprenol" might thus apply to the fully unsaturated compound which is found in M. lysodeikticus, while "dihydrobactoprenol" might be employed for the compound obtained from lactobacilli. The occurrence of mevalonic acid as a growth factor for some bacteria,27 which are not known to contain sterols, is probably accounted for by its utilization to form these essential isoprenoid alcohols. 
